We measured reaction time (RT), P300, and subjective evaluation for color Landolt-Cs with a gray color background presented on a CRT display. Seven young and 7 elderly subjects (mean ages: 21.6 and 68.4 years, respectively) participated, and the young subjects wore glasses with filters simulating spectral transmittance of an aging human lens as a test condition. The results for young subjects not wearing the filters showed that RT and P300 latency are constant among different test colors. In contrast, the results for elderly subjects showed that RT and P300 varied substantially depending upon the test colors and RT and P300 latency became longer than those of young subjects, particularly for gray and blue stimuli. In addition, the results for the young subjects with filters showed tendencies similar to those in elderly subjects. These results indicate that the yellowing of the human lens strongly influences reaction time and cognition time for color targets, suggesting that wearing the filters enables the young to simulate RT qualitatively as well as visibility of the elderly because both the simulated filter and the aging human lens modify the effective luminance, effective luminance contrast and effective color difference between the color target and the background on the retina. We also found that the reciprocal of RT and P300 latency could be expressed in a multiple regression model consisting of effective luminance, effective luminance contrast, effective color difference and age. Absolute values of RT and P300 latency in young subjects with filters, however, did not quantitatively coincide with those of the elderly subjects. There were differences of RT and P300 latency between the young with filters and the elderly, indicating that higher order age-related delay could be involved.
Introduction
Human visual functions decline with age. Yellowing of the human lens is a well-known age-related change of the ocular media. It decreases the transmittance of visible light especially in the short wavelength range (Pokorny et al., 1987; Weale, 1988; van den Berg and Tan 1994; Xu et al., 1997) . The elderly show symptoms of tritan-like defects in color discrimination (Knoblauch et al., 1987) , though they have a compensation mechanism for preserving constant color appearance (Werner and Schefrin, 1993; Werner, 1996) . In addition, it has been reported that age-related declines in visual performance were caused by reduction in the retinal illuminance due to changes in the ocular media and loss of efficiency at a neural level (Werner and Steele, 1988; Werner et al., 1990; Hardy et al., 2005) .
In our previous studies (Suzuki et al., 2003 (Suzuki et al., , 2005 , we examined whether young subjects can evaluate the visibility of visual stimuli in elderly subjects by wearing optical filters that simulate the spectral transmittance of an elderly yellowish lens (Okajima et al., 2000; Okajima and Takase, 2002) . We conducted an experiment to measure reaction time (RT, the time interval from the presenting of the stimulus to the pressing of a push-button), using color Landolt-Cs on a CRT display as the stimulus, presented to young and elderly subjects, and to the same young subjects wearing glasses with the filters to simulate an aging human lens. The RTs of young subjects without filter did not differ significantly among test colors whose luminance contrasts were almost constant. On the other hand, the RTs of elderly subjects varied with different test colors. The RTs of elderly subjects for gray and blue stimuli were slower than those for other colors. The RTs of elderly subjects in all color conditions were Ͼ200 ms longer than those of young subjects without filter. Wearing the filters, the RTs of young subjects for gray and blue stimuli became longer-as with those of the elderly subjects. However, the RTs of elderly subjects were on average Ͼ200 ms longer than those of young subjects with filters. This delay may occur 
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during cognitive processing, in which the image of the test stimulus is translated to nerve impulses in the retina, carried to the brain, perceived, classified and discriminated in the brain. It can also occur during motor processing, in which the response of pressing the button is decided. To clarify the cause of the increase of RT in the elderly, analyzing physiological responses such as event-related potentials (ERP) is necessary. ERP is elicited during information processing in the brain in response to an event. ERPs elicited by visual stimuli are called visual evoked potentials (VEP). When a visual stimulus is presented, VEPs show different kinds of wave components at a specific area of the brain over time. During a specialized task, in which subjects are required to respond only to novel stimuli, a positive component is elicited in the parietal region with a latency of about 300 ms (Sutton, 1965) . This component of ERP is called P3 or P300. P300 varies with the stimulus discrimination, the reaction strategy, and attention. Thus P300 is only affected by sensory input and psychological event processing, and not by later motor processing (McCarthy, 1981) . Therefore, the latency of the P300 is considered to be a parameter representing cognitive processing time. This parameter has been confirmed to be reliable by many aging studies (e.g., Polich, 1991) . Goodin et al. (1978) reported that there was a systematic increase with age in the latency, and a decrease in amplitude, of components in auditory evoked potentials. Picton et al. (1984) reported that similar age-related changes in P300 were observed in the visual and somatosensory modalities. Snyder et al. (1980) verified the appearance of P300 for visual, auditory, and somatosensory stimuli in the near threshold range. Czigler (1996) showed that the latency values of attention-related ERP components for color stimuli increase with age.
In the present study to investigate the age-related increase in cognition of the visual color information and the performance of a discriminative task, we measured RT and P300 of young and elderly subjects. In addition, to clarify the influence of yellowing of the lens in the elderly, we also compared the results of young observers who were wearing the filters simulating an aging human lens, with those of the same subjects without filter.
Method
The stimuli and test procedures were exactly as described in the previous experiment (Suzuki et al., 2005) .
Subjects
Seven young subjects (3 males and 4 females) and 7 elderly subjects (3 males and 4 females) participated. The experiment involved 4 young and 3 elderly subjects who joined in the previous experiment (Suzuki et al., 2005) . We confirmed that all subjects had normal color vision using the Tokyo Medical College Color Vision Test (Murakami Color Res. Lab. Tokyo, Japan). Three of the young subjects and six of the elderly subjects used vision correction devices in daily life (glasses or contact lenses). The vision correction devices for young subjects were restricted to only contact lenses since they were requested to wear the filters as glasses in this experiment. The mean age and the mean visual acuity at 3 meters visual distance are shown in Table 1 . Detailed information was given and informed consent was obtained from all the subjects before the experiment. They were recompensed for participating in this experiment.
Stimuli
Stimuli were color Landolt-Cs presented on a CRT display (Fig. 1) . The Landolt-C size was 15 mm in height, 3 mm in width, and its gap was 3 mm (equivalent to a visual acuity of 0.1 at 1 meter visual distance). Landolt-Cs with openings toward the top, bottom, left, and right were adopted. The colors of the 'Cs' were used as test colors, which were gray, red, yellow, green, and blue. The background color for the stimulus image was gray. These colors (Table 2) were selected by considering the following:
i) The Michelson luminance contrast values of the test colors were constant (approximately 0.05).
ii) Of the test colors, only the yellow was darker than the background (negative contrast) to decrease the effective luminance contrast in the elderly. The other test colors were lighter than the background (positive contrast).
iii) The distances of chromatic colors from the background gray on the CIE1976UCS chromaticity diagram were nearly constant (approximately 0.65). Figure 1 shows a schematic diagram of the apparatus. The experiment was carried out under illumination with fluorescent lamps (FLR40SWMX36, MATSUSHITA E.W., Japan, color temperature: 4200°K). The horizontal illuminance of the lamps at the head level of the subjects was approximately 500 lx. The subject sat on a reclining chair and observed the screen of the CRT display (CPD-G520, SONY, Japan), which was shaded to inhibit extraneous light. The distance between the CRT and the subject's eye was 1 meter. Stimuli were presented one by one on the CRT display with a control system, which consisted of a computer (MateNX MA45J, NEC, Japan), Multi Stim software (NEC MEDICAL SYSTEM, Japan), and Multi Stim Box MB-7 switching hardware (NEC MEDICAL SYSTEM, Japan). The subjects held a push-button in his/her dominant hand. When the target stimulus was presented on the display, the subject 180
Apparatus
Age-related Changes of Reaction Time and p300 for Low-contrast Color Stimuli responded by pressing the button immediately. The on/off response and the reaction time (RT) were recorded automatically with the computer. Electroencephalographic (EEG) activity was recorded from the Cz site at the crown of the head with reference to the 10/20 International Electrode System. Reference linking electrodes were placed on the left and right ear lobules. A ground electrode was placed at the middle of the forehead. An electrooculogram (EOG) was recorded between the superior and inferior orbital ridges of the left eye to identify itself as an artifact on EEG signals. Ag/AgCl electrodes were used to collect EEG and EOG. The electrical signals were amplified by Syna Act MT-11 multiuse telemeter (GE MEDICAL SYSTEMS, Japan) with a bandpass filter of 0.5-30 Hz. The amplified EEG and EOG signals were digitized and recorded by the computer (OptiPlex G1, DELL Inc., USA) with Eplyzer II ERP recording software (KISSEI COMTEC, Japan). The sampling rate was 1000 Hz. The EEGs were recorded during a 1024 ms sweep beginning 128 ms prior to the stimulus. Digitized single trial data were coded and stored on a hard disk for subsequent averaging.
During the experiment, the young subjects occasionally wore glasses with filters simulating an aging human lens (Okajima et al., 2000; Okajima and Takase, 2002) in accordance with the protocol. The filters were based on the two-factor model proposed by Pokorny et al. (1987) , and were designed to make the spectral transmittance of the crystalline lens of the average 20-year-old equivalent to that of the average 70-year-old.
Procedure and tasks
The electrodes were placed on the subjects in an anteroom. The subjects were then taken into the experiment room where their tasks were explained to them, and they practiced their tasks. After a rest period with their eyes open for 2 minutes, the tasks were started. As an oddball task, subjects were required to press the button only when the Landolt-C with the opening towards the bottom appeared. The stimuli with 4 kinds of openings were presented one by one and in random order on the CRT display, with the timing as shown in Fig. 2 . The duration of each trial was 800 ms with inter-stimulus intervals randomized between 2500 msϮ300 ms. Sixty trials including 15 targets were presented in one task block. Figure 3 shows the time sequence of the experiment. The young subjects performed 5 blocks without filter (1st session) and then 5 blocks with filters (2nd session). The test color did not change within the block, and 5 blocks in one session corresponded with 5 test colors. In the 1st and 2nd sessions, the order of the test colors was varied at random for each subject. After completing the 2nd session, the subjects left the experiment room and rested for about 30 minutes in the anteroom. After the rest, the subjects performed 5 blocks with filters (3rd session) and 5 blocks without filter (4th session). The order of the test colors in the 3rd and 4th sessions was reversed from the order in the 2nd and 1st sessions. When the subjects put on and took off the filter glasses, they rested their eyes for 10 minutes to allow adaption. After each block, subjects were asked to describe the ease of discriminating the stimuli with a 6-level evaluation scale as shown in Table 3 , and took a one-minute rest. The elderly subjects only performed the sessions without filter-the 1st and 4th sessions. All other procedures were the same as for the young subjects.
Data processing
RTs for the target color stimuli were collected by the Multi Stim. ERP waveforms were created by averaging EEG for the target stimuli using the Eplyzer II. Any EEGs with EOG artifacts, and non-responses with the push-button were rejected from the averaging process. The P300 latency was defined as the maximum positive peak within a range of 250-800 ms from the on-set of the stimulus presentation. Figure 4 shows an example of wave forms of each subject category. Figure 5 shows the mean RT of each subject category for each color. The RTs were examined with the Kruskal-Wallis test among subject categories in each test color. If the subject category effects were significant, we performed multiple comparisons with the Mann-Whitney test. The significant levels of the contrast were adjusted according to the Bonferroni adjustment procedure.
Results

Reaction time
We observed the same results as in our previous study (Suzuki et al., 2005) . For young subjects not wearing the filters, the difference in the RTs among each test color was Ͻ96 ms. The RTs of the elderly varied substantially depending upon the test colors, and the difference was up to 394 ms. The RTs of elderly subjects for gray and blue stimuli were 50-394 ms longer than those for the other test colors. The RTs of elderly subjects in all test color conditions except red were significantly longer than those of young subjects without filter (pϽ0.01), and these differences were Ͼ200 ms. The RTs of the young subjects wearing the filters indicated that the RTs varied with the test colors, as was found with the elderly subjects, and 182
Age-related Changes of Reaction Time and p300 for Low-contrast Color Stimuli the RTs for gray and blue stimuli were about 50-250 ms longer than those for other colors. However, the RTs of young subjects with filters did not quantitatively coincide with those of the elderly subjects, and there were significant differences between these subject categories for yellow and blue stimuli (p Ͻ0.01). The mean RT of all colors for elderly subjects was 155 ms longer than for young subjects with filters. Figure 6 shows the mean P300 latencies in each subject category for each color. The P300 latencies were examined with the Kruskal-Wallis test, the Mann-Whitney test as post hoc test, and the Bonferroni adjustment procedure as with the analysis of RTs.
P300 latency
In young subjects without filter, the differences in P300 latencies for test colors were Ͻ55 ms. P300 latencies of elderly subjects varied with the test colors as well as RTs. In particular, the P300 latency for blue stimuli was about 153 ms longer than that for red stimuli. The P300 latencies of elderly subjects in all test color conditions except red were Ͼ68 ms longer than those of young subjects without filter, while the differences of P300 latencies between elderly and young subjects without filter were no larger than those of RTs. In young subjects with filters, P300 latencies varied with the test colors, and the latency for blue stimulus was about 170 ms longer than that for red stimulus. There was no significant difference of 300 latencies between young subjects with filters and elderly subjects for each test color. The average P300 latency in all color conditions for elderly subjects was significantly longer than that for young subjects with filters, the difference being 39 ms. Mullis et al. (1985) reported that age-related changes in P300 latency to visual stimuli occurred according to the formula: 547.3-4.86 AgeϮ0.063 (Age) 2 . Although they did not consider the colors of stimuli, we test consistency between our results and their results. When we substitute the mean ages of our subjects for "age" in the above formula, it yields 510 ms for the latency in elderly subjects (68.4 years of mean age) and 472 ms for the latency in young subjects (21.6 years of mean age). Average P300 latencies of elderly subjects and our young subjects without filter were 532 ms and 457 ms, respectively, suggesting that the values of P300 latency derived in the present study are nearly equal to those in their study. Table 4 shows the mean P300 amplitudes of each subject category for each test color. In all subject categories, P300 amplitudes for blue stimuli were the lowest of all test colors, and those for gray stimulus were the second lowest. P300 amplitude of elderly subjects was on average 8.7 mV lower than that of young subjects without filter. Picton et al. (1984) reported age-related changes in reactions to auditory stimuli: "P300 amplitude decreased at a rate of 0.18 mV per year." When we take the age difference between the subject groups (46.8 years) into consideration, based on the results of the present study, we would expect a decrease of 8.24 mV in P300 amplitude. Actual average P300 amplitudes of elderly subjects and young subjects without filter in the present study were 15.7 mV and 24.4 mV, respectively. Therefore, the difference of 8.7 mV is consistent with the previous report. P300 amplitudes of young subjects with filters for blue and gray stimuli were reduced by less than 20 mV. P300 amplitudes for red and yellow stimuli were within 3.3 mV of those for young subjects without filter. P300 amplitude of young subjects with filters for green stimuli was even higher than that of young subjects without filter. However, there were no significant differences (pϾ0.05) among the subject categories with the KruskalWallis test. Figure 7 shows the results of subjective evaluation using the visibility evaluation scale in Table 3 as a measure of the ease of discrimination of stimuli (mean distinguishability rating). Both elderly and young subjects gave relatively lower visibility evaluations for gray and blue stimuli. The results between young subjects without filter and elderly subjects for gray and blue, and between young subjects without and with filters for blue had significant differences (pϽ0.01). In young subjects without filter, the visibility evaluations for gray and blue stimuli were lower than those for other colors, as well as elderly subjects and young subjects with filters, while the RTs and P300 latencies of young subjects without filter did not vary significantly with test colors.
P300 amplitude
Subjective evaluation
Discussion
In our previous study (Suzuki et al., 2005) , we reported that the RTs of elderly subjects for blue and gray test colors were longer than those for other test colors, and we considered that the filters simulating an aging human lens or age-related yellowing of lens impaired the visibility of stimulus images and increased the RTs by the following mechanism: the yellowing of the human lens due to aging decreases the transmittance of visible light in the short wavelength range, leading to decreased effective luminance of any colors and effective luminance contrast and effective color difference of some colors depending upon the background on the retina (see Table 5 ). The causes of the increase in RTs for blue and gray stimuli in the present study were the same as in the previous study.
We measured P300 to clarify how the cognition time and RT of elderly subjects changed as compared to those of young subjects for relatively low-contrast color stimuli, and how agerelated yellowing of the human lens affects cognition time for target stimuli in elderly subjects. P300 latency in young subjects without filter was within 55 ms with a small deviation depending upon test colors since it is assumed that luminance contrast and color difference between each test color and the background were almost constant. P300 latency in elderly subjects varied substantially depending upon test colors, and was much longer for gray and blue than those for other colors. In young subjects wearing the filters simulating an aging human lens, P300 latency for gray and blue stimuli became longer in the same manner as in elderly subjects. These results suggest that the increase of P300 latency in elderly subjects depending upon test colors was induced by the effects of yellowing of the human lens. We consider that yellowing of the human lens increased the P300 latency by impairing the 184 Age-related Changes of Reaction Time and p300 for Low-contrast Color Stimuli Table 5 L and LЈ represent luminance values of the stimuli measured without the filter and with the filter, respectively. C and CЈ represent luminance contrast values between the test and background calculated from L and LЈ, respectively. Color differences DE (L*u*v*) and DEЈ (L*u*v*) between each test color and the background were calculated with uЈ, vЈ and L based on the CIE1976L*U*V* uniform color system. Y 0 , u 0 and v 0 in calculation of DE (L*u*v*) were L, uЈ and vЈ of the maximum white displayed on the CRT visibility of stimulus images because of decreased effective luminance contrast and effective color difference between the background color and test colors onto the retina as well as increase of RTs. The difference in P300 latency between young subjects with filters and elderly subjects (Fig. 6) was smaller than the differences in the RTs (Fig. 5 ). This fact suggests that cognition time for color stimuli is affected by age-related yellowing of human lens, but the increase in RT in the elderly was caused substantially by other age-related factors such as impairment of the motor role of basal ganglia (Taniwaki et al., 2003) and the motor function. Young subjects wearing the filters simulating an aging human lens did not show the same results of P300 latency as elderly subjects. Average P300 latencies (averaged values for all test colors) of young subjects with filters and elderly subjects were 493 ms and 532 ms, respectively, which differed significantly, whereas there was no large difference in RTs, suggesting that the increase of the cognition time is likely to be caused by other factors such as other age-related changes of ocular media, senile miosis, decrease of receptors in the retina, and decline of visual nervous system and processing in the human brain. Istvail (1996) reported that the latency values of attention-related ERP components and RT for color recognition were longer in the elderly group, indicating a slowing down of the attention process in the elderly.
We used the filters simulating an aged human lens to investigate the effects of age-related yellowing of the lens on the visibility of color stimuli. An advantage of using this filter in measurement of RT and P300 is that we can estimate the effects of yellowing of the lens in distinction from other agerelated changes during task performance in response to visual stimuli. Age-related increase of RT, cognition time (P300 latency) and cognition time due to yellowing of the lens are indicated in Table 6 . For blue stimulus, the age-related increase in cognition time was mostly due to yellowing of the lens. Yellowing largely decreases the lens transmittance of short wavelength lights, so blue color is strongly affected by yellowing of the lens. The reason why the increase in cognition time for red stimulus became negative due to the effects of lens yellowing may be due to the effective color difference increase due to yellowing of the lens (Table 5 ). The age-related increase of P300 latency accounted from 20% (for red stimulus) to 37% (for green stimulus) in the whole age-related increase of RT. In addition, age-related increases of RT increased with increasing those of cognition time. For blue test color, the cognition time was increased by 116 ms due to the effects of lens yellowing, and the age-related increase of RT also increased by 385 ms. These results indicate that poor visibility stimuli not only produce delay in cognition but also cause an increase in the time necessary for reaction in the elderly, suggesting that visibility is a very important factor for quick action in daily life especially for elderly people.
In our previous study, we found that the response speed of young subjects could be expressed by a multiple regression model consisting of effective luminance of color stimuli, effective luminance contrast and effective color difference between the test color and the background. As the response speed is a reciprocal of RT, we did a multi-regression analysis for reciprocal values of RT and P300 latency of young and elderly subjects, and obtained the following equations, where L represents effective luminance of color stimuli, C represents effective luminance contrast, dE represents effective color difference and Age represents mean age of the young or elderly subjects.
The correlation coefficients of Eqs. (1) and (2) were 0.918 and 0.866, suggesting that reciprocal values of RT and P300 latency can be quantitatively determined by using these four factors.
In contrast with the results for RT and P300, the results of subjective evaluation showed significant differences only for gray and blue test color among the three subject categories. Figure. 8(a) shows the results of subjective evaluation against RT and Fig. 8(b) shows the results of subjective evaluation against P300 latency. We calculated regression curves for each subject group using the function: yϭA exp(Bx). Regression coefficients and determination coefficients are shown in Table  7 . The regression curves of subjective evaluation against RT differed between elderly and young subjects. However, the regression curves did not differ so much between the young subjects with and without filter. The regression curve of subjective evaluation against P300 latencies (shown in Fig. Table 6 Details of the age-related delay in the RT, cognition time (P300 latency), and components other than cognition time that contribute to the RT, due to aging and yellowing of the lens. RT means reaction time; P3 means latency of P300; e (subscript) means elderly subjects; yf (subscript) means young subjects with filters; and ynf (subscript) means young subjects with no filter. [ms] 8(b)) for the elderly subjects fairly overlapped that for the young. These results indicate that P300 latency could be utilized as a quantitative index of the visibility of stimuli (including evaluation of their visibility to elderly people).
The filters we used can simulate the average transmittance of a human lens in someone aged 70, when someone aged 20 wears the filters. Therefore we compared the means of P300 latencies and RTs in each subject category and discussed the significant difference. In the present study we only examined the effects of the yellowing of the crystalline lens. To clarify the cause and mechanisms of age-related change of reaction for visual stimuli in further detail, it may be necessary to consider the effects of other age-related changes such as senile miosis, decrease of receptors in the retina and decline of processing ability in the human brain.
In conclusion, we showed that yellowing of the human lens has a significant influence on the age-related increase of cognition time for color stimuli and higher order age-related changes would be involved in RT. The reciprocals of RT and P300 latency can be expressed by multiple regression models consisting of effective luminance, effective luminance contrast, effective color difference of color stimuli on the retina and age. Moreover, the relationship of P300 latency to subjective evaluation in the elderly subjects is similar to that in the young, suggesting that P300 latency can be used as a quantitative index of visibility. This type of filter simulating the aged human lens is a useful tool for evaluation of visibility and reaction time to color stimuli in elderly people for young designers, and the validity was confirmed in the present study. 
